Nearly complete brain ischemia under normo glycemic conditions results in death of only selectively vulnerable neurons. With prior elevation of brain glucose, such injury is enhanced to include pancel1ular necrosis (i.e., infarction), perhaps because an associated, severe lactic acidosis preferentially injures astrocytes. However, no direct physiologic measurements exist to support this hypothesis. Therefore, we used microelectrodes to mea sure intracellular pH and passive electrical properties of cortical astrocytes as a first approach to characterizing the physiologic behavior of these cel1s during hypergly cemic and complete ischemia, conditions that produce infarction in reperfused brain. Anesthesized rats (n = 26) were made extremely hyperglycemic (blood glucose, 51.4 ± 2.8 mM) so as to create potentially the most extreme acidic conditions possible; then ischemia was induced by cardiac arrest. Two loci more acidic than the interstitial space (6.17-6.20 pH) were found. The more acidic locus [4.30 ± 0.19 (n = 5); range: 3.82-4.89] was occasional1y seen at the onset of anoxic depolarization, 3-7 min after
cardiac arrest. The less acidic locus [5.30 ± 0.07 (n = 53); range 4.46-5.93)] was seen 5-46 min after cardiac arrest. A smal1 negative change in DC potential [8 ± 1 m V (n = 5); range -3 to -12 mV and 7 ± 2 mV (n = 53); range + 3 to -31 m V , respectively] was always seen upon im palement of acidic loci, suggesting cellular penetration. In a separate group of five animals, electrical characteristics of these cells were specifically measured (n = 17): mem brane potential was -12 ± 0.2 m V (range -3 to -24 mY), input resistance was 114 ± 16 Mil (range 25-250 Mil), and time constant was 4.4 ± 0.4 ms (range 3.0-7.9 ms). Injection of horseradish peroxidase into cells from either animal group uniformly stained degenerating astro cytes. These findings establish previously unrecognized properties of ischemic astrocytes that may be prerequi sites for infarction from nearly complete ischemia: the capacity to develop profound cellular acidosis and a con comitant reduction in cel1 membrane ion permeability. Key Words: Acidosis-Astrocytes-Glia-Infarction Intracel1ular pH-Ischemia-pH microelectrodes. Plum (1983) reasoned that an excessive acidosis de rived from elevated glucose stores within ischemic brain was particularly deleterious to astroglia since these cells showed marked histological changes when viewed by both light and electron microscopy (Kalimo et aI., 1981; Petito et aI., 1982) . Later, Kraig and coworkers (1986) used calculation of in tracellular pH (pH) based on interstitial pH (pHo)' tissue carbon dioxide tension, and bicarbonate con tent measurements to propose that the excessive cellular acidosis in hyperglycemic and complete ischemia occurred mainly in astrocytes. It was sug gested that astroglial pH fell to aproximately 5.2 while neuronal cytoplasm equilibrated with pHo (6.2) due to the high membrane ionic permeability of anoxic central neurons (Grossman and Williams, 1971; Fujiwara et aI., 1987) . Implicit in this model of ischemic brain was the accumulation of acid equiv-alents within astroglia and a reduced permeability of the astrocytic cell membrane to ionic species. Previous models of ischemic brain had not consid ered a heterogeneous distribution of proton equiv alents.
That astroglia could become markedly more aci dotic than either neurons or the interstitial space is contrary to the generally held concept of ischemic brain as a homogeneous system. For example, it has been proposed that ischemic brain cells do not retain intact plasma membranes (Siesjo, 1984) , or that all ischemic brain cells share uniform acid-base behavior, thus reaching the same pH after a reduc tion of blood flow (Von Hanwehr et aI., 1986) . Here we report the use of ultrafine-tipped pH-sensitive microelectrodes to provide the first direct evidence that mammalian astrocytes become 1-2 orders of magnitude more acidotic than the interstitial micro environment during hyperglycemic and complete ischemia. Portions of these results have appeared in preliminary form Nicholson, 1986, 1987; Kraig and Chesler, 1987) .
MATERIALS AND METHODS

Animal preparation and recording
Twenty-six male Wistar rats (250-400 g) were prepared for hyperglycemic and complete ischemia as previously described (Kraig et aI., 1986) . Animals were anesthetized with halothane (5% induction; 3% maintenance during surgical procedures; 1.0--2.0% during electrophysiologi cal recordings) and ventilated spontaneously throughout experiments, breathing a 30% oxygen-nitrogen mixture. Animals were warmed to 37°C via a water jacket. A cra niotomy was made and a superfusion cup placed over either frontal (centered 2 mm lateral to the sagittal suture and 3 mm anterior to bregma) or parietal (centered 2 mm lateral to the sagittal suture and I mm posterior to bregma) cortex. Warm (37°C) Ringer's solution was ad ministered through the superfusion cup at a rate of 1-2 mllmin. Ringer's solution consisted of (in mM): Na + 143.5; K+ 3.0; Ca 2 + 1.5; Mg 2 + 0.7; Cl-115; HC03-26.4; gluconate 9.6; and glucose 5.0; when equilibrated with 5% carbon dioxide and 95% oxygen the mixture was pH 7.30--7.40 at 25°C. A tail artery and femoral vein were cannulated for arterial blood gas sampling and KCl injec tion, respectively (see below).
For electrophysiological recordings, animals were mounted in a standard stereotaxic apparatus. Ion selective microelectrodes were mounted on a Canberra style micromanipulator (Narishige Scientific Instruments Lab., Tokyo, Japan). Superfusate pH served as a stan dard calibration point for all ion-selective microelec trodes before they were advanced 400--800 f.Lm below the pial surface to their initial recording position, prior to the onset of ischemia. The superfusion cup was then partially filled with light mineral oil to retard egress of carbon di oxide from the pial surface after the onset of ischemia. Arterial blood gas variables [pH, arterial oxygen tension (P a O 2 ), and arterial carbon dioxide tension (P a CO 2 )] were stabilized and monitored with a Corning 158 blood gas analyzer (Ciba-Corning Diagnostics Corp., Medfield, MA, U.S.A.). Brain glucose stores were elevated to an extremely high level by intraperitoneal injection of 0.93 M D-glucose (8.35 g/kg) so as to create potentially the most acidic brain condition possible after cardiac arrest. In this way pH measurements could be regarded as a relatively firm upper limit to those that might be seen under more moderate glycemic conditions or less complete ischemic conditions such as those seen during nearly complete global ischemia (Pulsinelli et aI., 1982) . Blood glucose was measured with a Glucometer (Miles Laboratories, Naperville, IL, U.S.A.). Approximately 15 min after glu cose injection, when brain levels approach a new steady state (Lund-Andersen, 1979) , ischemia was induced by cardiac arrest from intravenous injection (0.5 ml) of 1 M KCI. Movement of micro electrodes in search of intracel lular recording loci did not begin until 5-7 min after the onset of ischemia, a time by which the interstitial com partment reached its peak acidosis (Kraig et aI., 1985 (Kraig et aI., , 1986 . Recording sessions continued for up to 46 min after the onset of ischemia. We presumed that pHo remained relatively constant throughout this period since it does so for at least 20 min during hyperglycemic and nearly com plete ischemia (Kraig et aI., 1985) , in which brain acid base conditions, because of residual blood flow, are more variable than those in the current experiments. Micro electrodes were connected to an A-I Axoprobe ampli fier system (Axon Instruments, Inc., Burlingame, CA, U.S.A.). Reference barrel potentials were electronically subtracted from ion-barrel potentials to yield the pH sig nal. Data was filtered at 2 Hz and stored on video tape with a DR-484 neurocorder (Neurodata, New York, NY, U.S.A.). AI M KCI, 3.5% agar bridge placed on muscle adjacent to the craniotomy served as the indifferent elec trode. Membrane impedance and time constants were measured by use of the standard bridge imbalance tech nique.
Electrode fabrication and calibration
Proton-sensitive microelectrodes based on tridodecyl amine are reported to show super-Nerstian voltage re sponse pH changes below 6 (Ammann et aI., 1981) and sensitivity to changes in carbon dioxide tension (Aickin, 1984) . Since anticipated astrocytic pH lies below pH 6 and tissue carbon dioxide tension rises to 389 Torr during hyperglycemic and complete ischemia, we characterized the output of pH-sensitive microelectrodes used in this study in terms of these variables. Futhermore, since our electrode characteristics differed from those in the liter ature, we detail our fabrication technique below and con firm their ability to accurately measure pHi in skeletal muscle cells.
Tridodecylamine-based proton exchanger was mixed (wt/%) from basic components (10% tridodecylamine; 0.7% sodium tetraphenylborate; 89.3% 2-nitrophenyl oc tyl ether; all from Fluka Chern. Corp., Ronkonkoma, NY, U.S.A.). With stirring, the above components produced an orange-colored solution that promptly turned yellow green upon exposure to 100% carbon dioxide. Stirring under carbon dioxide was continued for 12-16 h before the resultant exchanger was used in the fabrication of pH-sensitive microelectrodes. New solutions of proton exchanger (0.5 cc) were prepared every 30--60 days.
Double-barrel electrodes were initially fabricated in a twisted, "figure eight" configuration, but for most exper iments an eccentric pattern (Thomas, 1986 ) was em-ployed. Eccentric electrode blanks were made by gluing a 1.2 mm (outside diameter) borosilicate glass tube (with an internal microfilament) to the inside of a shorter length of 3 mm (outside diameter) borosilicate glass. Electrodes were pulled on a PE-2 puller (Narishige Scientific Instru ments Lab., Tokyo, Japan). Microelectrodes were si lanized by a technique modified from that described by Borelli et al. (1985) . Distilled water was placed (to less than the beginning of the shank) in the inner, reference barrel, and pure N,N-dimethyl-trimethylsilylamine (Fluka) was added to a similar depth in the outer, ion barrel. Next, a hot-air gun was used to heat the electrode in a two-step procedure. First, 200°C heat was applied to the electrode for approximately 60 s while suction was applied to the ion barrel via a 30 gauge, 2-inch-Iong stain less steel needle. Second, the suction needle was moved to the reference barrel, and the heat was raised to 700°C for 2-5 min. The first maneuver removed silylamine from the ion barrel. The second heating maneuver was neces sary to remove water from the reference barrel. KCl (0.5 M) was then added to the reference barrel. Finally, pro ton exchanger was added to the ion barrel, followed by a column of phosphate buffer (Ammann et aI., 1981) . Com pleted electrodes were stored in 150 mM NaCI.
Electrode characteristics are shown in Figs. 1 and 2. Electrodes were calibrated away from animals in a series of 50 mM potassium phosphate-buffered solutions (ad justed to a final pH with either 1 M NaOH or I M HCI). Electrodes responded linearly between 3.80 and 7.70 pH with a slope of 54 ± 0.8 mY (n = 24; values expressed here and throughout as mean ± SEM) and a correlation coefficient of 0.999 (Fig. 1 below 5.50 pH when the exchanger had been mixed more than 60 days prior to use. Neither slope nor offset poten tial were influenced by different carbon dioxide tensions from 0 to 100% ( Fig. 1) , consistent with characteristics of larger extracellular pH-sensitive microe1ectrodes based on tridodecylamine (Kraig et aI., 1986) . Electrode re sponse time and ability to accurately measure pHi was estimated by quickly advancing an electrode tip into skel etal muscle cells of an anesthetized and artificially venti lated rat (Fig. 2 ). Upon penetration (n = 14) into muscle cells, pH-sensitive microelectrodes recorded a new steady-state pH (defined as the 95% response time) in 1.9 ± 0.1 s (range 0.9-3.2 s). Blood physiological variables were within normal range (Table 1) . Muscle pH was 7.02 ± 0.0 1 (range 6.84-7.20), and membrane potential was 75.4 ± 0.4 mY (range 69-83), values consistent with those previously reported for mammalian skeletal muscle (Aickin and Thomas, 1977) . Initial pHi measurements were made with ion-selective microelectrodes in which the reference barrel was filled with 150 mM KCI. In later experiments, the reference barrel contained 0.5 M KCI.
To test whether these changes in reference barrel KCI concentration caused any significant differences in mem brane potential measurements, we filled individual eccen tric electrode barrels with either 150 mM KCl, or 0.5 M KCl in outer barrels, and 3 M KCI in inner barrels. Elec trodes of either variety were used to measure rat muscle membrane potential. Mean membrane potential measured with 150 mM KCl and 0.5 M KCl were, respectively, 0.9 ± 0.2 mY and 1. 1 ± 0.2 mY less than membrane poten tials measured with 3 M KCI. Since this represents a pH measurement error of less than 0.02 pH, pHi measure ments were not corrected for differences in reference electrode electrolyte. Exposed brain was covered by mineral oil during isch emia to retard egress of carbon dioxide. However, DC offsets can occur when passing pH electrodes through mineral oil (unpublished observations). Therefore, to cal ibrate pHi recordings most accurately, ischemic pHo was used as a standard reference point since it is known to lie between 6. 17 and 6.20 (Kraig et aI., 1986 ) under the con ditions used in the experiments reported here. To help ensure that the reference pHo was from the ischemic, interstitial space, electrodes were repeatedly moved up Response time was estimated by quickly advancing the elec trode tip into skeletal muscle cells of an anesthetized and artificially ventilated rat. Time to 95% (arrowhead) of total response was 1.9 s for pH recordings (upper trace). For com parison, membrane potential change is shown in lower trace. and down approximately 300 ILm in the superficial neo cortex. Only after a steady-state pH value was achieved were intracellular recordings attempted.
Horseradish peroxidase staining
Horseradish peroxidase (HRP) staining was used for histological identification of selected foci of pHi and im pedance measurements. Reference barrels of pH sensitive microelectrodes and single-barrel electrodes (used for impedance measurements; see below) were filled with 9% (g/IOO m!) HRP (Boehringer-Mannheim, Mannheim, F. R.G. ) in 0.5 M KCI and phosphate buffer (7.6 pH). HRP was injected into cells electrophoretically (negative pulses of 840 ms/s, 10--30 nA/min). Brains were subsequently fixed by intracardiac perfusion with phos phate-buffered formalin and processed as previously de scribed .
RESULTS
Acid-base changes
Preischemic blood physiological variables (26 an imals) were consistent with those previously re ported for halothane-anesthetized and spontane ously ventilated rats (Mutch and Hansen, 1984; Kraig et aI., 1986) (Table 1) . Approximately 15 min after intraperitoneal injection of glucose, and imme diately before the onset of ischemia, blood glucose was 51. 4 ± 2. 8 mM.
Brain pHo was not systematically measured since previous work has shown it to lie within a narrow range before and after the onset of complete isch emia. For example, anesthetized and spontaneously breathing rats have a pHo that is approximately 0.05-0. 07 more acid than arterial pH (Mutch and Hansen, 1984; Kraig et aI., 1986) . In accordance with these previous measurements, in five experi ments reported here, pHo was 7.26 ± 0.02 while arterial pH was 7. 31 ± 0. Q1 (n = 26).
With cardiac arrest, pHo initially became progres sively more acidic and then displayed a character istic "alkaline shift" at the onset of anoxic brain cell depolarization before a further acidification (Mutch and Hansen, 1984) . During hyperglycemic ische m ia (i.e., blood glucose greater than 17 mM before the onset of ischemia), pHo always falls to 6. 17-6. 20 (Kraig et aI., 1986) . Under these condi tions, two recording loci were noted with a pH lower than that of ischemic interstitial space. The more acidic locus was only observed in 5 instances, at the onset (i.e., 3-7 min after cardiac arrest) of anoxic depolarization (Fig. 3) . Without movement of the electrode, pH suddenly fell to a level that was extremely acidic [4.30 ± 0.19 (n = 5); range 3. 82-4.89] with respect to ischemic interstitial space (6. 17-6. 20 pH). Several observations support the contention that these recordings were from the in tracellular space. First, withdrawal of the electrode caused recorded pH to rise slowly toward the inter stitial level. Simultaneously recorded DC potential abruptly shifted millivolts more positive (see below). In addition, with injection of constant cur rent pulses, an apparent membrane impedance and membrane time constant were noted in the acidic compartment. Upon withdrawal of the electrode, only the impedance and time constant of the elec trode were observed (see below).
[Published evidence exists to suggest that astro cytes swell when interstitial space shrinks during spreading depression (reviewed in Kraig and Petito, 1989) . Since interstitial space shrinks to a similar degree during anoxic depolarization (Hansen and Olsen, 1980) , astrocytes may swell at the same time. Thus, we speculate that in the above instances our stationary microelectrodes fortuitously entered astrocytes swelling during anoxic depolarization.]
The second set of acidic loci was recorded more often, 5-46 min after the onset of complete ischemia (Fig. 4) . While advancing pH-sensitive microelec trodes through ischemic cortex, acid compartments were encountered where pH fell to an average value of 5. 30 ± 0. 07 (n = 53; range 4. 46-5. 93). Again, a With the onset of cardiac arrest, systolic blood pressure (bottom rec ord) quickly fell to a minimum, pHo (top record) shifted slowly to more acid, and interstitial DC potential (middle record) became transiently more positive. Next, anoxic depolariza tion (large negative going deflection in DC record) and an alkaline transient occurred, indicating that the electrode still recorded from interstitial space. Suddenly, without further manipulation of the electrode (during recovery of the alkaline shift), recorded pH shifted (upward arrow) orders of magni tude more acidic than that seen in the interstitial space, sug gesting entry into an extremely acidic intracellular compart ment. In this example, pHI reached a peak of 3.82. Further evidence supporting the contention that this extreme acido sis occurred within cells comes from recorded signal behav ior when the electrode was raised approximately 200 fLm: DC potential abruptly shifted a few mV more positive and pH slowly returned toward an interstitial level. Since astrocytes are likely to swell with the onset of anoxic depolarization (see text), we presume that stationary pH-sensitive microelec trodes fortuitously entered astrocytes as they expanded. The record of pH is interrupted by diagonal lines to allow visual ization of lower-and uppermost portions of the record.
membrane potential and apparent membrane im pedance and time constant were noted with impale ment of each compartment (see below). These find ings strongly suggested that recording loci were from intracellular space. Injection of HRP (see be low) demonstrated that these recordings were made strictly from cortical astrocytes.
Changes in membrane electrical properties
A small change in DC potential was always seen upon impalement of an acidic compartment. The early, more acidic loci (Fig. 3) were associated with a negative shift of 8 ± 1 m V (n = 5; range -3 to -12 mY). The larger set of less acidic loci (Fig. 4) J Cereb Blood Flow Metab, Vol. 10, No. 1, 1990 . . . . . � j 5 . 2 r;\J:;i J"J/" :: Dotted lines associated with each cellular penetration represent a condensed 3 min period dur ing which HRP was electrophoretically injected. Breaks in pH and DC records (Le., at 13 min) indicate that the electrode was withdrawn from the brain. After the final withdrawal, the pH-sensitive microelectrode was advanced into a phosphate buffered (6.20 pH) agar gel (3.5%) containing 150 mM NaCI.
were associated with a negative shift of 7 ± 2 mV (n = 53; range +3 to -31 mY). Membrane impedance from intracellular record ing loci was determined by bridge imbalance in a separate group of five ischemic and hyperglycemic animals. Single-barrel microelectrodes were filled with 0.5 M KCI and 9% HRP (electrode impedance 20-50 Mil). Preischemic physiologic variables are listed in Table 1 . After intraperitoneal injection of glucose (and immediately before cardiac arrest), blood glucose was 26.9 ± 1.5 mM. Cells were pen etrated between 5 and 34 min after the onset of ischemia. A typical recording during ischemia is shown in Fig. 5 . Membrane potential was -12.1 ± 0.2 mV (n = 21; range -3 to -24 mV) relative to interstitial DC potential. Membrane time constant was 7.6 ± 0.4 ms (n = 17; range 3.0-7.9 ms), and input resistance was 114 ± 16 Mil (n = 17; range 25-250 Mil). Injection of HRP through conven tional single-barrel microelectrodes showed these elements to be protoplasmic astrocytes (Fig. 6 , up per right; also see below).
Horseradish peroxidase staining
In an effort to identify electrode recording loci histologically, HRP was injected through the refer ence barrel of pH-sensitive microelectrodes. Five Passive electrical properties of presumed astrocytes from hyperglycemic and ischemic brain. A: Membrane po tential in "real time." B: Bridge balance records made at specific times (Le., a, b, c in A). Records are interpreted as follows. First, bridge was balanced (record a in B) at time a in A using a 0.2 nA-40 ms pulse. Second, a cell was penetrated, as evidenced by negative deflection in DC tracing A to ap proximately -18 mY. This was followed by reassessing bridge balance at b in A. Resultant bridge imbalance of 24 mV is shown in record b in B and corresponds to an input resistance of 120 MO. Third, HRP was injected (dotted line in A) at a rate of 10 nA for 3 min, and when the DC potential returned to its full negative value, bridge balance was again reassessed (right-hand b in A). When the electrode was with drawn slightly, DC potential returned to its interstitial value. Bridge balance was tested at time c in A and found (record ing c in B) to be back in balance.
cells were stained in this manner. The injected cells lacked processes and had an ameboid shape (Fig. 6 , lower right).
To further characterize the evolution of these morphologic changes, we injected HRP under four other circumstances. Fist, we stained astrocytes in live, anesthetized animals with conventional single barrel electrodes. Cells were identified as glia by their high membrane potential and absence of injury or spontaneous discharges. Animals were sacrificed by perfusion-fixation, and the brains were pro cessed for HRP staining. These cells (n = 3) ( Fig. 6 , upper left) had the features of protoplasmic astro cytes as noted in previous studies (Takato and Goldring, 1979; Chesler and Kraig, 1987) . Second, HRP was similarly injected (n = 14) into living as trocytes, but animals were then killed by cardiac arrest, and perfusion-fixation was delayed for 20-40 min to allow ischemic-morphologic changes to occur. In both groups, animals were made hyper glycemic (blood glucose of 26.9 ± 1.3 mM) approx imately 15 min before the onset of perfusion fixation (or ischemia). In these latter experiments morphologic disruption of cells increased with du ration of ischemia. For example, in animals per-fused shortly after the onset of ischemia, only the distal fine processes of astrocytes becalPe indistinct (Fig. 6, lower left) . In brains where perfusion was progressively delayed, cells increasingly resembled the "ameboid" cells stained from the reference bar rels of pH-sensitive microelectrodes (Fig. 6, lower  right) . Initially, distal but later proximal arboriza tions were lost. Occasionally small "islands" of HRP separated from the main cell were seen. In a third group of animals, HRP was injected during measurements of membrane passive electrical char acteristics after cardiac arrest and the onset of isch emia. These particular cells (n = 11) (Fig. 6, upper  right) , resembled those injected prior to ischemia and were allowed to degenerate progressively (Fig.  6, lower left) , although "islands" of dye surround ing a cell were never seen. Finally, in a fourth group of animals, we purposely injected HRP into the in terstitial space (n = 10) after the onset of ischemia to see whether glial cells may have been artifactu ally stained by uptake of HRP (Fig. 7) . Multiple neurons were found to take up HRP, but single neu rons were never stained. Notably, no cell that re sembled a normal or degenerating astrocyte was ever identified following interstitial injection of HRP.
DISCUSSION
Plasma membrane conductance increases dra matically in neocortical (Grossman and Williams, 1971 ) and hippocampal (Fujiwara et al., 1987) neu rons when their membrane potential is sufficiently reduced from hypoxia. It was therefore originally assumed that all ischemic brain cells equilibrate with their interstitial space (Siesj6, 1984) . However, later, evidence suggested that proton equivalents did not equilibrate between interstitial and intracel lular compartments (Kraig et al., 1985) . Thus, a 'subsequent model incorporated intact plasma mem branes but assumed that all cells attained a uniform internal pH .
This concept of acid-base homogeneity was cast into doubt by data suggesting that only a fraction of brain cells (i.e., astrocytes) retained a permeability barrier to proton equivalents. It was postulated that astroglia maintained such a barrier and became an order of magnitude more acidic than neurons or the interstitial microenvironment during hyperglycemic and complete ischemia . This model proposed that acid remained restricted to within aSlrocyuc mtracellular space due to: (a) con tinued production of proton eCluivalents there; and (b) decreased permeability of the astrocytic mem brane to proton equivalents.
A c
In the present study, direct pH measurements demonstrated that ischemic astrocytes can become 1-2 orders of magnitude more acidic than the inter stitial space and retain intact plasma membranes. after cardiac arrest with a single-barrel electrode during measurement of membrane passive electrical charac teristics (see Fig. 5 ) within minutes af ter the onset of ischemia. Notice that the delicate "leaf-like" distal pro cesses are less evident. In addition, no evidence of major cellular branches can be seen. C: Cell stained in a live, anesthetized animal, under conditions analogous to those used to stain the o normal astrocyte above. Here, how ever, the brain was not perfused with fixative until 20-30 min after cardiac arrest. Further isolation of distal cellu lar processes, consistent with the phe nomenon of clasmatodendrosis, is ev ident. 0: Cell stained with HRP from the reference barrel of a pH-sensitive microelectrode. Here HRP was elec trophoretically injected after a pH; level of 5.14 was recorded. Recording was made 30-40 min after the onset of ischemia. Cell has an ameboid appear ance, as first noted by Alzheimer in 1910. All animals were made hypergly cemic approximately 15 min before the onset of ischemia. Calibration bar at lower right is 50 lim and applicable to all micrographs.
This was evidenced by a slight negative membrane potential, a high input resistance and prolonged membrane time constant, and restriction of HRP dye to intracellular space. These results provide the III . },.
FIG. 7. Staining pattern of ischemic brain staining caused by injection of HRP into interstitial space. With injection into the interstitial space of ischemic brain, multiple neurons were always stained. Astroglia, in either normal or degenerating forms, were never visualized. Membrane transport processes are unlikely to account for this staining pattern since high energy phosphates are completely absent and ion gradients similarly absent or significantly deteriorated. This staining pattern implies that neuronal membranes are permeable to HRP after the onset of hyperglycemic and complete ischemia while those of astrocytes are not. Calibration bar is 100 fLm.
first direct support for the concept of acid seques tration to within astrocytes during hyperglycemic and complete ischemia.
Astrocytic mtmbrane characteristics during ischemia
The input resistance of normal cortical astrocytes is typically less than 10 MD (Trachtenberg and Pol len, 1970 ; also for review, see Ransom and Carlini, 1986) . Resistance increased by approximately an order of magnitude during hyperglycemic and com plete ischemia. Normally, astrocytes also have a membrane time constant of less than 1 ms (Tracht enberg and Pollen, 1970; Ransom and Carlini, 1986) . In experiments reported here the astrocytic membrane time constant was increased by approx imately 1 order of magnitude, suggesting an in crease in specific membrane resistance.
Cell input resistance depends on plasma mem-brane surface area, specific resistance of the mem branes, and the degree of electrical coupling to ad jacent glial cells. Acidosis can influence each of these variables. First, morphologic evidence (Fig.  6) suggests that astrocytic, membrane surface area declines during hyperglycemic and complete isch emia. Thus, the progressive loss of astrocytic ar borizations (Fig. 6) could play a role. Second, spe cific membrane resistance of these cells can be ex pected to rise during such ischemia, since conductance through astrocytic K + channels is de creased by interstitial acidosis less extreme than that seen in these experiments (Walz and Hinks, 1987) . Third, astrocytic coupling via gap junctions falls during hypercarbia (Conners et aI., 1984) and therefore may be expected to fall due to the acidosis of hyperglycemic and complete ischemia. Finally, Newman (1986) has shown that most of the K + conductance in salamander astrocytes is found at their endfoot processes. If rat astrocytes have a similar restriction of K + conductance to their end foot processes, the input resistance and time con stant of these cells would rise as endfeet were lost during ischemia. Evidence that ischemic astrocytes can undergo morphologic changes is lacking in the modern liter ature. However, such changes were first recognized by Alzheimer in 1910 (see Penfield, 1928) . He noted that during ischemia astrocytes ca ll undergo a pro cess termed "clasmatodendrosis" (disintegration of branches), which causes the cells to assume an ameboid shape (Penfield, 1928) .
Astrocytic pHi behavior during ischemia
The original models for the heterogeneous distri bution of proton equivalents in ischemic brain relied on two primary assumptions (Kraig et aI., 1986) . The first assumption was that, unlike neurons, as trocytic membrane conductance does not increase during ischemia. Our present results (Fig. 5) dem onstrate that astrocytic input resistance and mem brane time constant are far greater than normal re ported values during hyperglycemic and complete ischemia. Thus, conductive pathways for equilibra tion of proton equivalents would appear to be re duced. The second assumption was that membrane based transport of proton equivalents is inhibited by acidosis. This notion has strong support based on results from a number of systems (for references, see Kraig et aI., 1986) . However, a weakness of this proposed acid-base model for ischemic brain is that it did not specifically deal with the behavior of nonionized acid molecules (Boris-Moller et aI., 1988) . Since such acid molecules rapidly diffuse through cell membranes (Jacobs, 1940) , one might expect astrocytic acidosis to dissipate rapidly as un charged lactic acid molecules diffuse out of cells. That acid remains elevated within astrocytes 46 min after the onset of ischemia (Fig. 4) indicates that acid-base species do not diffuse away from in volved extraglial space. Indeed, such behavior would be expected in a closed system. In complete ischemia (i.e., absolute loss of blood flow) and nearly complete ischemia [Le., severe global reduc tion in blood flow to cerebral cortex ], the brain becomes a closed and virtually closed system, respectively. Under these condi tions, equilibration of neutral lactic acid (HA) across the astrocytic cell membrane would occur (Fig. 8) .
Given equilibration of HA across the astrocytic membrane, and impermeability of the membrane to charged species, a stable proton gradient would be maintained in a closed system. For example, and where Aj-and A;; are intracellular and interstitial conjugate bases, respectively (i.e., lactate). Assum ing that the ionization equilibrium constant of lactic FIG. 8. Model to suggest how extreme astrocytic acidosis can be maintained for prolonged periods during hyperglyce mic and complete ischemia. Previously, a model was pro posed to explain how pHo remained constant and astrocytic pH grew progressively more acidic during complete ischemia (Kraig et aI., 1986) . This model required that astrocytic mem branes remain intact and that these cells progressively accu mulate proton equivalents without absorbing bicarbonate buffer from the interstitial space. Acidic inhibition of mem brane-based transport systems for proton equivalents was proposed as one means to retard egress of excess protons from cells. However, this phenomenon continued diffusion of nonionized lactic acid out of cells. The above schematic drawing deals with this latter issue. Astrocytic membranes are likely to remain permeable to nonionized organic acids (HA) such as lactic acid, so the concentration of HA can be expected to be equal within astrocytes and in extraglial space (EGS). If the astrocytic membrane is impermeable to charged species (H + and A -), more acid will remain within astrocytes when more pH-related anions (such as lactate or bicarbonate) accumulate in the EGS. See text for further de tails. 
where Ht and H.;t' are the intracellular and inter stitial proton concentrations, respectively. This for mulation would predict that if Ht is elevated, an inward gradient for A -exists across the astrocytic membrane. Given the intact state of the astrocytic membrane during hyperglycemic and complete ischemia, this is entirely plausible. In fact, evidence exists to indicate that such an anionic distribution can occur. Walz and Mukerji (1988) have shown that more lactate is found outside than within astro cytes when these cells are exposed to anoxia in cul ture. Indeed, such a distribution of acid-base spe cies is also consistent with previous indirect mea surements of the extracellular/intracellular bicarbonate ratio, first used to speculate that pH within astrocytes reached approximately 5.20 dur ing hyperglycemic and complete ischemia . The direct measurements reported here showed that astrocytic pH reached an average of 5.30 ± 0.02 (n = 53). If this addition to our model of ischemic brain acid-base behavior proves correct, then blood-brain barrier permeability to pH-related variables (such as lactate, bicarbonate, or carbon dioxide, etc.) may be an important consideration for analyzing situations in which residual blood contin ues to flow to ischemic brain (Kraig and Chester, 1988a) .
Thus far, only microelectrode-based pH measur ing techniques have been used to provide evidence of severe astrocytic acidosis during ischemia. How ever, acid-base data from tissue averaging methods can be interpreted to support our findings. For ex ample, Meyer et al. (1986) used umbelliferone, a fluorescence pH indicator dye, to show that aver age pHj in rabbit superficial cerebral cortex can fall as low as 5.30 during ischemia. Since these latter measurements were made from intact brain, the flu orescence signals came principally from the super ficial cortical layers, where astrocytes predominate. Therefore, the lowest measured value of 5.30 pH, seen after cardiac arrest, may have reflected pre dominantly astrocytic pH during complete isch emia, in good agreement with measurements re ported here. Although the fluorescence response of umbelliferone is reduced in the pH 5-6 range, these measurements are sufficiently sensitive to support our electrode-based measurements. Similarly, Chopp et al. (1987) used inorganic phosphate e1p) shifts from pH changes measured by nuclear mag netic resonance (NMR) spectroscopy to calculate an average pHi of 5. 9 during nearly complete and hyperglycemic ischemia. Under experimental con ditions similar to these latter experiments, Smith et aI. (1986) use the Van Slyke technique to calculate an average pHi of 5. 9. Since interstitial, neuronal, and astrocytic volumes are approximately 15, 52. 5, and 32. 5% of total neocortical volume, respectively (Hertz and Schousboe, 1975) , pH 5. 9 is consistent with our measurements of 5. 3 for average astrocytic pHi given a pHo and neuronal pHi of 6. 2 (Kraig et aI., 1986) .
Other workers using NMR spectroscopy were unable to detect evidence of an astrocytic acidosis greater than that present in the interstitial space during complete ischemia: the so-called split-peak signal (Boris-Moller et aI., 1988). However, NMR spectroscopy, as used by these latter workers, should be unable to detect severe astrocytic acido sis. These investigators measured average pHi in whole brain samples that were allowed to equili brate to atmospheric pressure in a solution for 10-15 min before measurements were made. Thus, car bon dioxide and lactate (see Fig. 8 ) could have dif fused away from severely acidic astrocytes, allowing their pHi to rise to a higher level than that seen in our experiments. Furthermore, our mea surements were confined to cortical astrocytes, while those of Boris-Moller et ai. (1988) were made in whole brain samples in which relative astrocytic volume is likely to be less than that of cerebral cor tex. Indeed, these authors propose a similar vol ume-dependent argument (Boris-Moller et aI., 1988) to suggest why they did not observe an extreme acidosis consistent with that suggested to occur in astrocytes (Kraig et aI., 1986) . Ammann (1986) has discussed the inability of NMR spectroscopy to resolve cellular differences in measured variables within tissues consisting of heterogeneous cell types. For example, rather than recording multiple 31p peaks in samples with widely varying pHi peaks in samples with widely varying pHi values, the technique shows only a single, broad peak. This is precisely what the records of Chopp et ai. (1987) show from recordings made dur ing hyperglycemic and nearly complete ischemia, conditions we postulate are associated with an as trocytic pH of 5. 3 and interstitial (and perhaps neu ronal) pH of 6. 2.
The original suggestion of extreme astrocytic ac idosis (Kraig et aI., 1986) and confirmatory direct pHi measurements reported here are likely to be critical for understanding the cellular pathogenesis of brain infarction.
However, the ultimate importance of these re sults may lie in the fact that they direct attention to pHi changes and plasma membrane behavior of as trocytes. In a separate paper (Chesler and Kraig, 1989) we show that normal astrocytes can become profoundly more alkaline than the remainder of brain. In fact, the largest and most dynamic pH changes appear to occur in astrocytes rather than neurons or the interstitial space (Kraig and Chesler, 1988b) . Since pHi changes can trigger and modulate vital activities of eukaryotic cells (Busa and Nuci telli, 1984) , it is not surprising to find that most brain pH changes occur in astrocytes, cells that in the adult are among the most dynamic of the ner vous system. Indeed, severe astrocytic acidosis from brain ischemia may be but one extreme of the diverse physiologic capacities of these cells.
